Both transport function and microvillus membrane physical properties evolve as the enterocyte matures and migrates up the crypt-villus axis. We isolated enriched fractions of villus tip, mid-villus, and crypt enterocytes from which microvillus membrane vesicles were prepared. Using this material we characterized the alterations that occur in microvillus membrane fluidity as the rabbit enterocyte matures and correlated these with kinetic studies of glucose transport. With increasing maturity the microvillus membrane becomes more rigid due to both an increase in the cholesterol/phospholipid ratio and alterations in individual phospholipid subclasses. Maximal rates of glucose transport were greatest in microvillus membrane vesicles prepared from mature cells. However, the glucose concentration producing half-maximal rates of transport (K.) was significantly lower in crypt microvillus membrane vesicles, suggesting that a distinct glucose transporter existed in crypt enterocytes. This distinction disappeared when differences between membrane lipid environments were removed. By fluidizing villus-tip microvillus membrane vesicles, in vitro, to levels seen in the crypt microvillus membrane, we observed a reduction in the K. of this transport system. These data suggest that the kinetic characteristics of the sodium-dependent glucose transporter are dependent upon its local membrane environment. (J. Clin. Invest. 1990Invest. . 85:1099Invest. -1107.) membrane fluidity -nutrient absorption -transport kinetics
Introduction
The intestinal epithelium is a dynamic structure that undergoes constant regeneration. Over a -3-d cycle, enterocytes are formed in the intestinal crypts, migrate up the villus, and are finally sloughed from the villus tips into the intestinal stream. Therefore, at any instant in time enterocytes along the crypt-villus axis represent all stages in the normal, physiological development of the enterocyte. Over this spectrum, marked functional changes are known to exist. Immature enterocytes, found in the crypts, are predominantly secretory, lack disaccharidase enzymes, and have transport systems different from those observed in more mature enterocytes. Furthermore, recent studies in the rat have suggested that the microvillus membrane undergoes a maturational process in terms of its physical properties as the enterocyte migrates up the villus (1) . This membrane was found to be more fluid in the crypt cell than in mature cells isolated from the villus tips. Since membrane physical properties can alter the functional activity of transporters embedded within the membrane, it is unclear whether the differences in physiological function observed between crypt and villus-tip cells are due to different protein transporters or whether membrane physical properties play a role.
The present study was designed to address three key issues. First, we wished to confirm earlier studies suggesting that the microvillus membrane becomes more rigid as the enterocyte matures, and if so by what underlying mechanism. Secondly, is the reduced ability of the immature enterocyte to absorb glucose accompanied by a reduction in the rate of glucose transport across the microvillus membrane? Thirdly, do the kinetic characteristics of sodium-dependent glucose absorption change with maturity; i.e., are the glucose transporters found in crypt microvillus membrane different from those present in villus-tip cells, and if so are these alterations related to membrane physical properties?
Methods
All chemicals used in this study were obtained from either Sigma Chemical Co Statistical analysis was performed using the statistical software Systat (Evanston, IL). Differences between means were evaluated by analysis of variance with specific differences tested using the Tukey analysis as a post hoc test. Curve fitting and parameter estimation for nonlinear relationships were performed with data weighted in proportion to the inverse of within sample variance. Statistical differences between parameter estimates were evaluated using recently described techniques (2) .
Cell and membrane isolation. Animals used for these studies were male New Zealand white rabbits weighing from 500 to 750 g. After purchase they were observed for at least 1 wk while being allowed free access to water and food. Any animals appearing ill were excluded from the study.
Cells from along the crypt-villus axis were isolated using a modification of the technique described by Rowling and Sepulveda (3) . After an overnight fast, rabbits were killed with an overdose of pentobarbital and the small bowel rapidly removed. After gently rinsing with warm PBS plus 1 mM DTT, 20 -cm segments were everted over a glass rod and filled with citrate buffer (in millimolar) NaCl, 96; sodium citrate, 27 ; KH2PO4, 5.6; KC1, 1.5 adjusted to a pH of 7.3 . Both ends were tied and the loop placed in a 45-ml tube containing citrate buffer. The intestine was incubated for 15 min at 37°C while being gently shaken. After this incubation, the loops were removed and placed in tubes containing isolation buffer (PBS plus 1.5 mM EDTA and 0.5 mM DTT) and incubated for timed intervals while undergoing gentle shak-ing. In this manner villus-tip cells were first eluted followed by midvillus cells. Cells were collected from the buffer by gentle centrifugation at 300 g. Crypt cells were collected by gently scraping the remaining mucosa after both villus-tip and mid-villus cells were removed. After cell isolation, each fraction was pooled and microvillus membrane vesicles prepared as described by Kessler (4) . For vesicle transport studies, vesicles were always prepared and used immediately. For lipid analysis, an aliquot of fresh membrane was immediately extracted by the method of Folch (5) , dried under N2, and stored at -70'C in chloroform. The remainder of the sample was frozen at -70'C and used for enzymatic assays and determination of membrane fluidity.
Membrane analysis. All measurements were normalized to membrane protein content as determined by the method of Bradford (6) . Sucrase activity was assessed in both the homogenate and microvillus membrane fraction by the method of Dalquist (7) , and the thymidine kinase activity of the homogenate by the method of Klemperer (8) . All lipid determinations were performed on samples extracted from fresh material. Total cholesterol was determined with an enzymatic method based on cholesterol oxidase (Boehringer Mannheim, Dorval, Quebec). All samples and standards were solubilized using 10% Triton in ethanol. Total phospholipids were determined by the method of Rouser (9) .
To determine specific phospholipid subclasses, lipid extracts were spotted onto LK5D TLC plates (Whatman Inc., Clifton, NJ) that had been precoated with 1.2% boric acid in ethanol/water (1: 1, vol/vol) as described by Fine (10) . Plates were developed with chloroform/methanol/water/ammonium hydroxide (120:75:6:2). The outside lanes of each plate were spotted with authentic standards and these were stained with iodine vapor at the end of the run, taking care not to stain the central, sample-containing lanes. Using these standards for identification, plates were carefully scored and 40 nmol of pentadecanoic acid in hexane added to each phospholipid band as an internal standard. After drying under N2 the spots were aspirated into reaction tubes with a vacuum aspirator. Fatty acid methyl esters were prepared from the phospholipids using the method of Lepage and Roy (11) . After extraction and drying under N2 the methyl esters were reconstituted in hexane and separated by gas-liquid chromatography. Separation was achieved with a 0.25-mm capillary column (Supelcowax 10; Supelco, Inc., Bellefonte, PA) using a temperature-programmed run that clearly separated fatty acid methyl esters over the range of 14:0-26:0. Identification of each methyl ester was established from known standards and the use of mass-spectroscopy in selected cases.
Using 15:0 as an internal standard, each phospholipid class could be quantitated by the method of Christie (12) , and its fatty acid composition determined.
Fluidity determinations. Membrane fluidity was assessed using steady-state fluorescence polarization techniques and a variety of probes that allowed both the static and dynamic component of membrane fluidity to be estimated. The former was evaluated with the probe 1,6-diphenyl-1,3,5-hexatriene (DPH).' Since the latter can be evaluated at several depths within the bilayer, a series of n-(9-anthroyloxy)-stearic or palmitic fatty-acid probes were used where n took the values of 2, 6, 9, 12, and 16. The techniques used for loading membranes with the probes and obtaining the experimental measurements have been previously described (13, 14) . Data 20 mM Hepes, and 100 mM NaSCN at pH 7.5. Sodium-independent rates of glucose transport were measured by replacing NaSCN with KSCN. Transport was stopped by rapid dilution of the reaction mixture with 5 Sodium transport. Rates of sodium influx were determined in microvillus membrane vesicles using the method of Rood et al. (17) . Since these measurements were performed to estimate sodium-flux rates under conditions similar to those present during glucose transport experiments, they were performed in the absence ofa pH gradient and amiloride. In preliminary experiments to validate this method it was found that, in our hands, rates of uptake were linear over the first 10 s of incubation. Thus, 30 Ml of vesicles was rapidly mixed with 60 ,ul of buffer making a final cis sodium concentration of 1 mM labeled with 1.2 ,Ci of Na22. After 5 s the reaction was stopped by the rapid addition of ice-cold stop solution, filtered and counted in a liquid scintillation counter (Beckman Instruments, Inc.). The buffers were used as described by Rood with the exception that Hepes was substituted for Mopso since the pH used for these studies was 7.5.
Results
Microvillus membrane characterization. The cell isolation technique used for these studies was evaluated by two major methods: histological analysis of the intestine and enzymatic characterization of the resulting cells and membrane preparations. Fig. 1 Enzymatic analysis is presented in Table I . Crypt cells were rich in activity of thymidine kinase and the activity of this enzyme rapidly dropped in the other fractions. Conversely, the activity of sucrase increased in the latter fractions confirming that these were more mature cells. As illustrated in Table I, sucrase activity was equally purified in microvillus membrane prepared from all three cell fractions despite the low activity of this enzyme in the crypt cell-enriched fractions. Although the apparent purification of crypt microvillus membrane was greater than the other fractions, this was not a statistically Values represent the mean±SEM for seven preparations from each membrane source. Thymidine kinase activity was assessed within homogenates rather than the final membrane pellet. The concentration of sucrase activity was calculated from the specific activity of this enzyme in both the homogenates and final pellet. MVM, microvillus membrane.
* P < 0.001 vs. both mid-villus and villus tip.
significant difference. Significant contamination with basolateral membrane was excluded by the absence of detectable Na'-K+-ATPase activity in these membranes (data not shown).
Microvillus membrane physical properties. Using steadystate fluorescence polarization techniques, two components of membrane fluidity can be resolved. The static component of membrane fluidity can be assessed by probes such as DPH, while the dynamic component can be assessed with probes that undergo primarily rotational movements within the bilayer such as the anthroyloxy-labeled fatty acids ( 18) . Inasmuch as the latter probes can have the fluorescent anthroyloxy group linked to any carbon of the base fatty acid, this property ofthe membrane can be evaluated as a function of depth within the bilayer (19, 20) ., Table II presents data obtained with the probe DPH. Microvillus membrane obtained from crypt cells appeared significantly more fluid than that found in either villus-tip or midvillus cells. This is evident in both the anisotropy parameters and the calculated order parameter of the membrane. An alternative explanation for these data would be that the fluorescent lifetime ofDPH increased in crypt microvillus membrane and produced the observed reduction in anisotropy parameters. However, fluorescent lifetime is proportional to fluorescent yield and, therefore, the decrease in total fluorescence observed in crypt microvillus membrane is strong evidence against an increase in fluorescent lifetime. The dynamic component of fluidity was evaluated at five different depths in the microvillus membrane and the results illustrated in Fig. 2 . It is apparent that in each membrane preparation the superficial regions of the bilayer (n = 2-6) allowed less rotational freedom than the core, an observation previously reported (1, 13, 14, 21) . However, distinct differences were observed between membrane isolates. Crypt microvillus membrane was consistently more fluid than either villus-tip or mid-villus microvillus membrane at all levels within the bilayer. Physical properties reported with these probes, however, were identical in villus-tip and mid-villus microvillus membrane.
Microvillus membrane lipid composition. Table III tabulates the basic lipid composition of the membranes isolated. Microvillus membrane obtained from crypt cells had more phospholipid per milligram of membrane protein resulting in a significantly reduced cholesterol/phospholipid ratio for these membranes. Furthermore, significant differences were noted in the phospholipid subclasses that formed these membranes. As the enterocyte matured and moved along the crypt-villus axis, there was an increase in the relative amount of phosphatidylethanolamine (PE) and a fall in sphingomyelin (SPH). The relative amounts of the other phospholipid classes remained approximately constant. The net result of these alterations was a significant increase in the PE/phosphatidylcholine (PC) ratio and a decrease in SPH/PC with increasing enterocyte maturity. Small but significant differences were also noted in the fatty-acid composition of microvillus membrane phospholipids along the crypt-villus axis (data not shown).
Glucose transport. Rates of. glucose transport across the microvillus membrane isolated from each cell fraction are presented in Fig. 3 . These data have been corrected for those observed in the absence of a sodium gradient as described in Methods. It is apparent that rates of glucose absorption were much higher in vesicles obtained from either villus-tip or midvillus than crypt enterocytes. To evaluate the underlying ki- To evaluate whether these differences in transport kinetics were related to the differences in membrane physical properties that we observed, an attempt was made to normalize these differences. In separate experiments using graded concentrations of benzyl alcohol, a recognized membrane fluidizer, we established that 50 mM benzyl alcohol would increase the fluidity of villus-tip microvillus membrane, as assessed by DPH, to values observed in crypt microvillus membrane. Therefore, microvillus membrane was isolated from villus-tip enterocytes, after which the preparation was split into two aliquots. The first was incubated in 50 mM methyl alcohol, to serve as an osmotic control, and the second in 50 mM benzyl alcohol for 15 min before studying glucose transport.
Rates of glucose transport using these modified villus-tip microvillus membrane preparations are presented in Fig. 4 , with the corresponding kinetic analysis presented in Table V . This table also includes the observed steady-state anisotropy measurements obtained using DPH as a probe. A dramatic reduction in rates of glucose transport was observed in the fluidized villus-tip microvillus membrane (Fig. 4) glucose concentration range but with a cis sodium concentration of 25 mM. In three separate crypt-cell preparations the Km for this transport system under these conditions was 223.6±23.3. These data support the conclusion that the conformational change induced by sodium can only be expressed in relatively fluid microvillus membrane. Secondly, the observed reduction in maximal glucose transport rate (JmaX) associated with membrane fluidization was dramatic and we were concerned that this might represent an effect of benzyl alcohol unrelated to increasing membrane fluidity. We proceeded to investigate this by fluidizing villustip vesicles with another alcohol, hexanol. Using DPH as a marker, similar degrees of fluidization could be obtained by incubating vesicles with 15 mM hexanol for 15 min. The kinetic parameters for glucose transport in five separate membrane preparations treated in this manner are also reported in Table V . The cis sodium concentration for these experiments was fixed at 100 mM. Despite a similar increase in fluidity, measured with DPH, the reduction in jmax was significant but not of the same order of magnitude as seen with 50 mM benzyl alcohol. Two possible explanations occurred to us. First, the pattern of increasing fluidity induced by hexanol might be different from that of benzyl alcohol, thereby having a different effect on the transporter. In order to address this concern we carefully analyzed the fluidity properties of villus-tip microvillus membrane treated with either methanol, hexanol, or benzyl alcohol. These data are presented in Table VI and represent five separate villus-tip microvillus membrane preparations prepared and incubated in the alcohols shown. Of importance is the observation that hexanol made villus-tip microvillus membrane even more fluid than did benzyl alcohol no matter which probe was used for the comparison. Therefore, the differential reduction in Jmax induced by hexanol and benzyl alcohol could not be explained by a more significant fluidization of these membranes with benzyl alcohol.
The other possibility was that the dramatic effect of benzyl alcohol on rates of glucose transport was not entirely due to its effect on the glucose transporter. A similar result would have been anticipated if benzyl alcohol increased sodium permeability of the vesicles and thereby collapsed the sodium gradient across the microvillus membrane. In order to examine this possibility, villus-tip vesicles were prepared as described but incubated in either methanol, hexanol, or benzyl alcohol before measuring Na+ permeability. Inside and outside pH was fixed at 7.5. A final cis sodium concentration of 1 mM was employed with 1.2 ,uCi of Na22 added to the buffer in the absence of glucose. Inasmuch as amiloride was not used in the glucose transport assays, this was not included for these experiments. In preliminary time courses (data not shown) it was demonstrated that a 5-s incubation was within the linear portion of the assay and, therefore, this incubation time was used for subsequent experiments. Rates of sodium movement into villus-tip vesicles, under these conditions, are shown in Table  VII . It is apparent that no differences were observed between control vesicles or those treated with either methanol or hexanol. However, villus-tip microvillus membrane vesicles treated with benzyl alcohol had significantly increased rates of sodium entry into the vesicle. (50) 21.5±3.5*
The concentration of each fluidizer, in millimolar, is given in parentheses. * P = 0.002 vs. control or methyl alcohol-treated vesicles.
Discussion
The enterocyte lives a relatively short life. After inception in the crypt it is pushed up onto the villus by pressure from newly formed crypt enterocytes and in 3-4 d reaches the tip of the villus where it is subsequently sloughed into the intestinal stream. Despite its short life span the enterocyte becomes a polarized cell with a tremendous array of transport and metabolic systems. It has recently become clear that many of these processes are differentially expressed along the crypt-villus axis, presumably related to cell maturity. The present study confirms these observations for microvillus membrane glucose transport, lipid composition, and membrane physical properties in the rabbit. Microvillus membrane isolated from crypt enterocytes was far more fluid than microvillus membrane isolated from either mid-villus or villus-tip cells in terms of both the static and dynamic component of membrane fluidity. Furthermore, for the latter these differences persisted at all depths within the bilayer from the superficial regions to the core. When using steady-state techniques to measure membrane fluidity, it is important to appreciate that the fluorescent lifetime of the probe contributes to the experimentally measured anisotropy parameters. Therefore, it is conceivable that what appears to be an increase in membrane fluidity is in reality only a prolonged fluorescent lifetime of the probe. However, since total fluorescence of the sample is directly proportional to fluorescent lifetime, this parameter should increase if lifetime increases. In this study we have demonstrated that crypt microvillus membrane appeared to be not only more fluid than villus-tip and mid-villus membranes but total fluorescence was decreased, making it difficult to implicate a change in fluorescent lifetime to account for this difference. Therefore, we conclude that the crypt microvillus membrane environments sampled by the probes used in this study are radically different from those encountered in more mature enterocytes. Similar findings were recently reported by Brasitus and Dudeja in the rat (1) where direct measurements of fluorescent lifetimes were made. These investigators found that the microvillus membrane was more fluid in crypt cells and, furthermore, that fluorescent lifetimes of the probes actually decreased in these immature membranes. This is entirely consistent with our finding of decreased total fluorescence in crypt membranes and would suggest that we have in fact underestimated the difference between crypt and villus-tip microvillus membrane. As the rat enterocyte matured, the cholesterol/phospholipid ratio, saturated fatty acids, and the protein/lipid ratio all increased in the study reported by Brasitus (1) . All of these observations helped to explain the reduction in microvillus membrane fluidity associated with maturation of the rat enterocyte. Similar findings were observed in our study. However, in the rabbit we observed an increase in the relative amount of PE, a change also associated with reductions in membrane fluidity (23). Curiously, we were unable to confirm an increase in phospholipid acyl saturation with increasing maturity in the rabbit. In fact, for virtually all phospholipid subclasses we found the opposite. With increasing maturity of the microvillus membrane the relative weight percentage of saturated fatty acids fell and they were replaced by polyunsaturated fatty-acyl chains, the monounsaturated fraction remaining relatively constant. We also observed a significant decrease in SPH content with increasing maturity, a change that would predispose to a more fluid, not more rigid, membrane with increasing maturity. However, it is apparent that this alteration was more than compensated for by the increase in cholesterol/phospholipid ratio and PE/PC ratio. A similar trend was documented in the rat (1) but the differences were not significant.
It has been recognized that the intestinal crypts do not contribute significantly to the transport of a variety of nutrients. Whether this is related to a lack of transporters, decreased transporter function, lack of metabolizing enzymes, or even the inability of nutrients to diffuse into the crypt region is unclear. To our knowledge no other kinetic studies of glucose transport have been previously reported in microvillus membrane vesicles isolated from along the crypt-villus axis. A recent study by Knickelbein (24) examined electrolyte exchange across similar vesicles. In this report a brief mention is made suggesting that sodium-dependent glucose transport was reduced in crypt microvillus membrane, but without kinetic studies no attempt was made to speculate on the mechanism. Using piglets suffering from gastroenteritis, Keljo et al. (25) reported hypertrophy of crypt cells. Vesicles prepared from this crypt-enriched material demonstrated a reduction in the rate of glucose transport. From kinetic studies the authors concluded that vesicles from crypt-enriched fractions had only a low affinity transporter and that vesicles from controls (villus plus crypt cells) had both a high and low affinity transport system.
Our data do not entirely support these observations. Like Keljo et al. (25) we found glucose transport to be markedly depressed in crypt microvillus membrane vesicles. However, in no fraction was there convincing kinetic evidence for a dual transport system. Kinetic analysis of our data revealed that both mid-villus and villus-tip microvillus membrane had a single sodium-dependent glucose transporter with an affinity for glucose of -200 piM. Microvillus membrane isolated from crypt cells had a much lower Jrax, but this transport system had an affinity for glucose almost twice that found in the more mature enterocytes. One possible interpretation is that immature cells have one form of the sodium-dependent glucose transporter (high affinity, low capacity) and as the cell matures a second transporter, the adult form (low affinity, high capacity), becomes evident and takes over. However, if this explanation is correct our data would suggest that by the time the enterocyte reaches the lower region of the villus, the immature, high affinity transporter is completely replaced by the adult transporter since we do not find evidence for two transporters in the mid-villus fraction. Although appealing, it seems un- The second effect of fluidization was to reduce maximal rates of glucose transport. However, the magnitude of this effect was dramatically different for the two membrane fluidizers, hexanol and benzyl alcohol. These differences could not be explained by differences in membrane fluidity induced by these two alcohols. Hexanol, at concentrations used in this study, fluidized microvillus membrane even more efficiently than benzyl alcohol. While hexanol significantly decreased maximal rates of glucose transport these reductions did not approach the magnitude of those seen with benzyl alcohol. Thus, a second explanation for the dramatic effect of benzyl alcohol was looked for.
It is technically difficult to examine rates of sodium permeation across the microvillus membrane under the conditions used to measure glucose transport (a 100-mM cis sodium concentration), and therefore, sodium movement into villus-tip vesicles was examined at a cis sodium concentration of 1 mM. Under these conditions it was apparent that benzyl alcohol, in the concentrations employed to fluidize villus-tip vesicles, induced a significantly greater rate of sodium flux into microvillus membrane vesicles than did hexanol. Thus, the use of benzyl alcohol to fluidize membranes in this study, and possibly in others, overestimated the effect of membrane fluidization on rates of sodium-dependent glucose transport as it increased sodium flux by other mechanisms. The nature of this mechanism is interesting since hexanol, which had a greater effect on membrane fluidity, did not alter rates of sodium flux. However, despite these observations, fluidizing villus-tip microvillus membrane with hexanol significantly reduced the maximal rate ofglucose transport without a measurable effect upon either sodium permeability or vesicular size.
In summary, we have confirmed the observations of Brasitus and Dudeja (1) , made in the rat, that the microvillus membrane undergoes a process of maturation in terms of its physical properties with migration of the enterocyte up the crypt-villus axis. Furthermore, we have identified the underlying alterations in lipid composition that accompany this change and presumably account for it. Moreover, we have characterized sodium-dependent glucose transport into these vesicles in kinetic terms and established that not only is glucose transport inefficient in the crypts of intact animals but that this observation also holds true for movement across the microvillus membrane. Therefore, at least part of the reason that glucose is poorly absorbed in the crypt region may be ascribed to the lack of functional transporters in crypt microvillus membrane. We were able to characterize two different forms ofthe glucose transporter in terms of its Km. However, it appeared that the expression of Km was dependent upon the physical properties of the membrane in which it was embedded. Fluidization of membranes, in vitro, decreased both the jmax and Km of the glucose transport system, however, this effect was not sufficient to account for the differences in Jmax observed between crypt and villus-tip microvillus membrane. Thus, differences in membrane physical properties fail to entirely explain markedly suppressed rates of glucose transport across crypt as compared with villus-tip microvillus membrane. It would appear that crypt microvillus membrane has fewer transporters than villus-tip microvillus membrane, however, in the rabbit these transporters are kinetically similar.
